New York) as previously described (10) . The nonphagocytic cells were used for granulocyte/macrophage, megakaryocyte, eosinophil and erythroid colony assays . Fetal liver cells were collected from fetuses of ICR mice at 12 days of gestation and were dissociated mechanically in DME (Gibco Laboratories) by successive passages through 22-and 27-gauge needles . The nonadherent, nonphagocytic cells were used for the erythroid colony assays .
10-to 15-wk-old female BDF I mice were administered 5-fluorouracil (5-FU) (Adria Laboratories, Inc ., Columbus, Ohio) through the tail vein at a dosage of 150 mg/kg body weight . Spleen cells were harvested 4 d later, and we prepared single-cell suspensions from three to five mice .
Construction of Plasmid and Preparation of Recombinant CSF. The mouse T cell line IH5 .5 (clone Al) was stimulated with 1% PHA and 50 ng/ml of PMA . The cells were harvested 6 h and 9 h after stimulation . Total cellular RNA was extracted from the cells by using the guanidinium thiocyanate method (I1), and poly(A) + RNA was selected by oligo(dT) cellulose column chromatography . Aliquots of the two induced mRNA samples were then pooled for the construction of a cDNA library . The cDNA library was constructed by using the pcDV I vector-primer and pLI linker fragment according to the procedures of Okayama and Berg (12) . About 6 pg of poly(A)+ RNA yielded -6 X 10 5 independent transformants . Two synthetic oligodeoxynucleotides, 5'-TGG AAG CAT GTA GAG GCC-3' and 5'-CTG GCC TGG GCT TCC TCA-3', were synthesized according to the available sequence of GM-CSF from murine lung (5) . Two probes were used to screen^-3 X 10 4 colonies of the cDNA library transferred onto 541 filters from Whatman Inc . (Clifton, NJ) . Hybridization conditions used overnight at 50'C were : 6X SSC (1 X SSC = 0 .15 M NaCl and 0 .015 M sodium citrate, pH 7 .2), 1 X Denhardt's (0 .02% Ficoll, 0 .02% polyvinyl-pyrrollidone, and 0 .02% BSA), 0 .1 % SDS, and 50 Ag/ml of denatured salmon sperm DNA . The filters were washed at 50°C with two changes of 6X SSC for 30 min . One clone out of 3 X 10 4 clones gave a positive signal with two probes and was designated pHS mGM-CSF . The plasmid DNA pHS mGM-CSF, which promoted the expression of mGM-CSF in mammalian cells, was transfected into COS-1 cells by the DNA-calcium phosphate coprecipitation technique (13) . After transfection, the medium was replaced with serumfree DME . After 72 h, we collected the medium and characterized the translation product, termed rGM-CSF, by using various colony assay systems .
ColonyAssays. GM and Eo, and MK colonies were assayed by soft-agar culture methods described elsewhere (14) , using ICR and BALB/c mice bone marrow cells, respectively . The agar gel was fixed and stained (10) . Cell aggregates containing ?50 naphthol AS-D chloroacetate-/a-naphthol butyrate esterase-staining positive cells (14) , >_4 acetylcholinesterase-staining positive cells (15) , and ?50 Bieblich scarlet-staining positive cells (16) were scored as the respective GM, MK, and Eo colonies . The erythroid colony assay was carried out by the methylcellulose culture method (8), using both ICR mouse bone marrow (10 5 cells/ml) and fetal liver cells (10 5 cells/ml) . At the end of 72 h of incubation, 1 U/ml of purified human urinary Ep with a specific activity of 81,600 U/mg protein (the kind gift of Dr . M . Ueda, Snow Brand Milk Co . Ltd ., Tochigi, Japan) was overlaid on the methylcellulose culture . After 8 d, cell aggregates containing >50 erythroid cells, or ?3 compact subcolonies of erythroid cells, were counted as erythroid bursts . Then, the colonies were picked up from the methylcellulose culture, spun in a Shandon cytocentrifuge, and then the lineage expression of colonies was investigated .
Colony assays using spleen cells from 5-FU-treated mice were carried out as follows : Methylcellulose culture was performed by using a modification of the technique described previously (17) . Spleen cells (1 .2 X 106 cells/ml) from 5-FU-treated mice were incubated in 1 ml of culture medium containing a-medium (Gibco Laboratories), 1 .2% methylcellulose (Fisher Scientific Co., Pittsburgh, PA), 30% FCS, 1 % deionized BSA (Sigma Chemical Co .), 0 .1 mM 2-ME (Sigma Chemical Co .) and samples . On day 12 of incubation, the number of colonies was scored, lifted from the methylcellulose cultures using a 3-kl Eppendorf pipet under microscopic visualization, and then individually suspended in 0 .1 ml of a-medium . The cell suspensions were spun in a cytocentrifuge from Shandon Southern Instruments Inc. (Sewickley, PA) and stained with May-Grunwald-Giemsa . Spleen cells from 5-FU-treated mice were cultured to obtain the blast cell colonies (17) . Briefly, spleen cells were incubated in the methylcellulose culture medium as described above, by the addition of PWM-stimulated spleen cell-conditioned medium (PWM-SCM) (18) . On day 7 of incubation, blast cell colonies containing 20-100 cells were lifted from the methylcellulose medium and pooled. The cells were washed twice with a-medium to remove the effect of PWM-SCM and were replated, at a concentration of 300 cells or a single cell per ml, into a 35-mm culture dish containing 1 ml of methylcellulose medium supplemented with each sample. Transfer of a single cell was performed using a micromanipulator (Narishige Scientific Instrument Laboratory, Tokyo, Japan), as described previously (17) . After 7 d of incubation, all cell aggregates were picked up from methylcellulose culture, spun in a cytocentrifuge (Shandon Southern Instruments Inc.), and stained with May-Grunwald-Giemsa . The size of small colonies (<500 cells) was estimated in situ, and that of larger colonies by using a counting chamber.
Results
Production of Multiple Hemopoietic Factorsfrom a Cloned T Cell Line, IH5 .5. As shown in Table I , BPA, GM-CSA, and MK-CSA, as well as IL-2 and IL-3 activities, were detected in the crude-CM of IH5.5 stimulated with PMA and PHA, while no Eo-GSA was detected. IH5.5 cells ceased proliferation when we added either PMA or PHA, or significantly increased in cell size almost immediately when both were added. Since IL-3 was shown to have multihemopoietic activity (19) , fractionation of each hemopoietic activity in crude-CM was performed with reference to IL-3 activity. When the conditioned medium was fractionated by ion-exchange HPLC with a linear gradient of NaCl, hemopoietic factors were eluted in three distinct regions of 0.02-0.1 M, 0.18-0.25 M, and 0.33-0.38 M NaCl (Fig. 1 ). IL-3 activity (0 .02-0.1 M) was associated with BPA, as well as with a minor peak of GM-and MK-CSA, whereas the major peaks of GM-and MK-CSA were detected in the region that is distinct from IL-3 (0.33-0.38 M). These results indicated that the T cell line produced GM-and MK-CSF distinct from IL-3 . Selective GM Colony-stimulating Activity of rGM-CSF. Gene cloning of murine GM-CSF (mGM-CSF) has already been reported (5-7) using lung cells from mouse injected with bacterial endotoxin and two T cell lines, EL-4 stimulated with PMA and LB-3 stimulated with Con A. Using a portion of the sequence of the GM-CSF, a candidate gene, pHS mGM-CSF was cloned from a cDNA library of the T cell clone, IH5 .5, as described in Materials and Methods. Serum-free conditioned medium was prepared from COS-1 cells transfected with pHS mGM-CSF and was used to characterize the activity of the translation products, rGM-CSF. Table II shows the results of colony assays using bone marrow cells prepared from normal mice . When the crude-CM of IH5 .5 stimulated with PMA and PHA was added to soft-agar or a methylcellulose culture system containing bone marrow cells, GM, MK, and erythroid colonies formed . rGM-CSF, on the other hand, induced only the formation of granulocyte/macrophage colonies . In the case of the methylcellulose culture using fetal liver cells, we saw very few erythroid bursts in addition to nonerythroid colonies in the presence of rGM-CSF and highly purified Ep. By contrast, the crude-CM stimulated the formation of many erythroid bursts, while we saw no erythroid bursts in the presence of purified Ep alone (Table III) . To further distinguish the cells in the nonerythroid colonies from bone marrow and fetal liver cells, these colonies were picked up from the methylcellulose medium and stained with May-Grunwald-Giemsa. All of the nonerythroid colonies lifted from the cultures containing rGM-CSF consisted of granulocytes and/or macrophages, and no other cell types were found. On the other hand, when crude-CM was used, nonerythroid colonies contained a variety of hemopoietic cells, including neutrophils, macrophages, Normal bone marrow cells were incubated with rGM-CSF, mock-COS-SUP, or crude-CM . On day 7 of soft agar culture, colonies were fixed and stained, and then scored . Erythroid colony assay was performed by the methylcellulose culture method, in which purified Ep was added after 72 h. On day 8 of culture, colonies were scored, picked up, and then stained with May-Grunwald-Giemsa. Data are shown as the mean ± SD of triplicate cultures. megakaryocytes, and erythroblasts. In neither assay described above could the formation of colonies be observed by the addition of mock-COS-SUP . These results showed that rGM-CSF was functionally distinct from the IL-3 . Indeed, rGM-CSF did not support the growth of the IL-3-dependent cell line, FDC-P2 .
rGM-CSF Does Not Act on Pluripotent Stem Cells. To determine the target of rGM-CSF, a more critical colony assay was performed in which 5-FU-treated mouse spleen cells were used as target cells. On day 12 of methylcellulose culture, the colonies were picked up and stained with May-Grunwald-Giemsa (Table IV) . When PWM-SCM that also contained IL-3 was added to the culture, we found a variety of hemopoietic cells, including neutrophils, macrophages, megakaryocytes, erythroblasts, and mast cells, in the developed colonies . The crude-CM of stimulated IH5.5 cells showed similar biological activities . In contrast, rGM-CSF exhibited no stimulatory activities for the formation of colonies from 5-FUtreated mouse spleen cells, indicating that rGM-CSF could not act on 5-FUresistant pluripotent stem cells.
Development of GM-Coloniesfrom Blast Cells by rGM-CSF. Further investigation was carried out by blast colony assay techniques . Spleen cells from 5-FU-treated mice were incubated in methylcellulose culture medium supplemented with PWM-SCM . After 7 d, blast colonies were picked up and pooled . The pooled cells were replated at a concentration of 300 cells/ml into a new methylcellulose culture medium containing either PWM-SCM, rGM-CSF, or mock-COS-SUP, followed by the incubation for 7 d (Table V) . May-Grunwald-Giemsa staining revealed that the colonies formed by rGM-CSF were composed preferentially of neutrophils and/or macrophages, whereas various types of cells other than neutrophils and macrophages were also seen in PWM-SCM-stimulated colonies . Mock-COS-SUP showed no stimulatory activities . Single cells in blast colonies were transferred to the dishes with rGM-CSF by using a micromanipulator (Table VI) . On day 7 of culture, all the cell aggregates formed were lifted from the methylcellulose medium, centrifuged, and stained (Fig . 2) . 
See footnotes for Tables 1, 11 , and IV . Spleen cells (1 .2 X 106 cells/ml) from 5-FU-treated mice were cultured with PWM-SCM. On day 7 of incubation, blast cell colonies were pooled and replated at a rate of 300 cells/ml into the methylcellulose medium containing rGM-CSF, mock-COS-SUP, or PWM-SCM. After 7 d of culture, colonies were counted, lifted, and then stained with May-GriinwaldGiemsa . Data are shown as the mean ± SD of triplicate cultures . See footnote to Table IV . Spleen cells (1 .2 X 106 cells/ml) from 5-FU-treated mice were cultured with PWM-SCM. On day 8 of incubation, blast cell colonies were pooled and single blast cells were replated into the methylcellulose medium containing rGM-CSF. After 7 d of culture, colonies were scored and picked up . Then the cells in each colony were counted, and then stained with May-Griinwald-Giemsa for differential counting . * Range of the number of cells contained in a single colony. See footnote to Table IV . The percentage of neutrophils contained in each neutrophil/macrophage (NM) colony.
containing 33-15,000 cells of neutrophils and macrophages together (Table VI) . In this culture, we saw no other hemopoietic lineage cells. The percentage of neutrophils in the neutrophil/macrophage mixed colonies varied considerably from colony to colony, ranging from 4 .8 to 72 .0% . The numbers of cells contained in the colonies were also distributed in a wide range. No relation was found between the size of colony and the percentage of neutrophils in individual colonies .
Discussion
We performed the present study to define the in vitro hemopoietic activity of GM-CSF produced by an inducer T cell line. A gene for GM-CSF was cloned from a cDNA library of a T cell clone, IH5.5, using a part of the DNA sequence of a GM-CSF gene obtained from murine lung cells (5) rGM-CSF was first tested in standard colony assay systems of soft agar and methylcellulose by using normal bone marrow cells. The results indicated that only neutrophil/macrophage colonies were formed by rGM-CSF. In a subsequent experiment, fetal liver cells were used as target cells. The rGM-CSF alone failed to stimulate the formation of erythroid bursts. Combined stimulation with rGM-CSF and purified Ep led to the formation of only a few erythroid bursts, compared with the combination of crude-CM and Ep. It thus seems that rGM-CSF does not have significant BPA activity . Preliminary experiments using a larger amount of purified rGM-CSF derived from Escherichia coli revealed the same results mentioned above (data not shown) .
Treatment of mice with a high dose of 5-FU has been reported (20, 21) to result in a significant enrichment of the more primitive hemopoietic stem cells. We used this system to study the action of rGM-CSF on pluripotent hemopoietic progenitors. When spleen cells derived from 5-FU-treated mice were incubated with crude-CM or PWM-SCM, GM and MK, as well as mixed colonies, were formed . In contrast, rGM-CSF was completely inactive on such spleen cells. We have already reported (22, 23) that IL-3 supported the colony growth from 5-FU-treated mouse spleen cells. The rGM-CSF, however, can stimulate colony formation by blast cells that had been grown in the presence of PWM-SCM from 5-FU-treated mouse spleen cells. These colonies consisted solely of neutrophils and/or macrophages, whereas control cultures supplemented with PWM-SCM induced various types of colonies (neutrophil, macrophage, megakaryocyte, eosinophil, and mast cell). We did not see eosinophils in either assay. We checked the dose-response curve for the colony formation stimulated by rGM-CSF ranging from 2.5 to 10% . The colony size increased with increase in the concentration of rGM-CSF, although the proportion of neutrophil colonies to macrophage colonies was constant. It could either be due to selective GM-CSF receptor distribution or to intrinsic programming for differentiation in the target cells. A binding assay of radiolabeled rGM-CSF is in progress. rGM-CSF supported the growth of GM colonies from single cells isolated from blast cell colonies by micromanipulation . It thus indicated that rGM-CSF acted directly on committed precursors without the accessory cells and supported the differentiation into mature neutrophils and macrophages. The basis for the lineage restriction of rGM-CSF is not known yet.
The single lineage colonies were not always smaller than bilineage colonies . For example, one of the neutrophil/macrophage colonies contained only 33 cells, and a pure neutrophil colony contained 8,500 cells. This shows that the number of cell divisions occurring after commitment is quite variable . This concept is not in agreement with the model that exhibits a relatively constant number of cell doubling during the maturation process. Lineage restriction and loss of proliferative capacity of individual progenitors may be depicted as separate stochastic processes. We also showed that the ratios of neutrophils and macrophages in the mixed colonies derived from single cells in the presence of rGM-CSF varied greatly, ranging from 4.8 to 72.0% . This means that GM-CSF is permissive for the proliferation of neutrophils and macrophages, but it does not determine the differentiation pathway. How the differentiation programs progress in the presence of hemopoietic growth factors remains to be discovered .
In conclusion, rGM-CSF obtained from a T cell line was confirmed to preferentially and directly act on committed GM progenitor cells without effecting either pluripotent stem cells or progenitors of hemopoietic cells other than neutrophils and macrophages.
Summary
The cDNA for the murine granulocyte/macrophage colony-stimulating factor (GM-CSF) was cloned from a cDNA library obtained from a murine T cell line, IH5.5, by using two synthetic probes that encoded two parts of the GM-CSF from murine lung . The cDNA inserted into the plasmid vector pcDV 1 was transfected into monkey COS-1 cells and the conditioned medium was used to investigate the hemopoietic activities of the resultant product, recombinant GM-CSF (rGM-CSF), by means of various colony assays . rGM-CSF stimulated only neutrophil/macrophage colonies in the cultures of murine normal bone marrow and fetal liver cells . No other colony stimulating activities (CSA) were seen in the preparation including burst-promoting activity, eosinophil-CSA, megakaryocyte-CSA and mast cell-CSA. rGM-CSF could not support colony formation of 5-fluorouracil-treated mouse spleen cells, in which only the primitive population of stem cells survived . However, after culture of these cells with PWM-spleen cell-conditioned medium (PWM-SCM), the colonies consisting of blast cells were formed . These blast cells could now be induced to form neutrophil/macrophage colonies in the presence of rGM-CSF . Pure neutrophil colonies, pure macrophage colonies, as well as mixed neutrophil/macrophage colonies, were formed from these single blast cells in the presence of rGM-CSF by micromanipulation . rGM-CSF did not act on pluripotent hemopoietic stem cells, but did act directly and selectively on neutrophil/macrophage progenitors . Moreover, striking heterogeneities were noted in the size ofthe colonies and the proportion of components. GM-CSF is, therefore, considered to play a noninstructive role in the differentiation of the GM pathway .
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